Tumor hypoxia and hypoxia-inducible factor 1 (HIF-1) activation are associated with cancer progression. Here, we demonstrate that the transcription factor TAp73 opposes HIF-1 activity through a nontranscriptional mechanism, thus affecting tumor angiogenesis. TAp73-deficient mice have an increased incidence of spontaneous and chemically induced tumors that also display enhanced vascularization. Mechanistically, TAp73 interacts with the regulatory subunit (α) of HIF-1 and recruits mouse double minute 2 homolog into the protein complex, thus promoting HIF-1α polyubiquitination and consequent proteasomal degradation in an oxygen-independent manner. In human lung cancer datasets, TAp73 strongly predicts good patient prognosis, and its expression is associated with low HIF-1 activation and angiogenesis. Our findings, supported by in vivo and clinical evidence, demonstrate a mechanism for oxygenindependent HIF-1 regulation, which has important implications for individualizing therapies in patients with cancer.
p73 | p53 family | tumor progression | VEGF | tumor vascularization A daptation to hypoxia allows for cancer progression in the hypoxic environment within tumors, resulting in enhanced patient mortality (1) . A major mechanism mediating this adaptive response to reduced O 2 is the activation of the hypoxiainducible factors (HIF-1 and HIF-2). HIF gain of function results in increased tumor growth, vascularization, and metastasis, and high HIF-1α and HIF-2α protein levels are associated with a poor prognosis in many human cancers (2) . HIF-1 is a heterodimeric transcription factor comprising a constitutive HIF-1β subunit and an oxygen-labile HIF-1α subunit (3) . Prolyl-hydroxylases promote HIF-1α subunit degradation in response to high oxygen levels, whereas prolyl-hydroxylase enzymatic activity is reduced under low-oxygen tension, allowing for HIF-1α stabilization (4) . HIF-1 activation results in a wide transcriptional reprogramming of cancer cells. HIF-1 directly controls the expression of crucial genes involved in proliferation/survival (IGF2, PDGFB), metabolism (GLUTs, HKs), angiogenesis (VEGF-A, PDGFB, ANGPTs), and metastasis (ZEB-1, MMP9). This transcriptional switch is an important determinant of tumor progression (5) . Increased HIF-1α levels in cancer cells can be a result of either intratumoral hypoxia or the altered function of tumor suppressors and oncogenes. The most frequent mutation is the loss of function of the tumor suppressor Von Hippel-Lindau (VHL) (6) , which increases HIF-1α halflife, nuclear accumulation, and transactivation under nonhypoxic conditions. The relationship between HIF-1 and tumor suppressors/ oncogenes can be crucial in determining the fate of preneoplastic lesions. Among the different biological processes controlled by HIF-1, angiogenesis represents a limiting step for cancer progression. In addition to the enhanced blood supply, this angiogenic switch contributes to the tumor microenvironment, which enables the transition from dysplastic lesions to overt carcinoma (7) .
Although TAp73 shares transcriptional control of proapoptotic genes in the response to genotoxic stress with p53, the precise role of p73 in tumorigenesis has been debated for some time. Initially, the observation that human TP73 gene mutations are rare in human cancer, together with the lack of spontaneous tumors in Trp73 −/− mice, suggested that the contribution of p73 to tumorigenesis was marginal. However, the severity of the Trp73 −/− mouse phenotype did not allow a full analysis of the tumor spectrum in aged mice (8) . Studies on the small (25%) cohort of Trp73 −/− mice surviving at 10 mo of age revealed a 60% lung adenocarcinoma incidence (9) . Isoform-specific deletion of TAp73 (TAp73 −/− mice) also resulted in both spontaneous and carcinogen-induced tumors with a particularly high incidence of lung adenocarcinomas (10) , indicating TAp73 as a genuine tumor suppressor. Conversely, the p73 N-terminal truncated isoform, ΔNp73, acts as an oncogene. Thus, ΔNp73 −/− -derived MEFs transformed with Kirsten rat sarcoma failed to form tumors when injected in BALB/c nu/nu mice (11) . Moreover, increasing evidence suggests that an altered ratio between TAp73 and ΔNp73 isoforms affects tumor progression (10) . Contradictory and preliminary evidence has linked p73 to VEGF expression, but not to angiogenesis (12, 13) .
Here, we report the ability of TAp73 to oppose tumor progression and angiogenesis by directly promoting ubiquitindependent degradation of HIF-1α. TAp73 might act through the recruitment of mouse double minute 2 homolog (MDM2) to HIF-1α, facilitating its ubiquitin-dependent proteasomal degradation in an oxygen-independent manner. In human lung adenocarcinomas, TAp73 is a good prognostic factor, and its expression is inversely correlated with HIF-1α activation and the angiogenesis Significance Adaptation to hypoxia promotes cancer progression, resulting in enhanced patient mortality. Activation of hypoxia-inducible factor 1 (HIF-1) leads to a transcriptional switch, which, regulating angiogenesis, metabolism, and survival, results in hypoxia adaptation. In cancer, increased HIF-1 levels can be a result of either intratumoral hypoxia or the altered function of tumor suppressors. Our study demonstrates that the tumor suppressor TAp73, a member of the p53 family of genes, opposes HIF-1 activation in cancer cells, resulting in reduced angiogenesis and tumor progression. TAp73-depleted mice show increased tumorigenicity, associated with increased HIF-1 signaling and angiogenesis. Expression of TAp73 in human cancers predicts good survival outcome and retrocorrelates with HIF-1 expression and activation. The TAp73/HIF-1 axis plays a critical role in cancer pathogenesis. pathway. These data indicate that TAp73 loss contributes to tumor progression and activation of the angiogenic switch by stabilizing HIF-1 and the HIF-1-dependent angiogenic response.
Results
TAp73 Ablation Promotes Tumor Progression and Angiogenesis.
Three in four TAp73
−/− mice and one in three TAp73 +/− mice spontaneously develop malignancies (10) . Hence, TAp73 is a genuine tumor suppressor gene. To investigate whether TAp73 could also control the later stages of tumorigenesis and directly affect tumor progression, we used a chemical-induced skin carcinogenesis protocol. The two-stage chemical carcinogenesis process (7,12-dimethylbenz[a] anthracene [DMBA]/12-O-tetradecanoyl-phorbol 13-acetate) in mouse skin offers the possibility of monitoring early and late events in cancer development and progression (14) . The induced benign skin papillomas can either regress or progress to squamous cell carcinoma. TAp73 −/− mice displayed increased tumor susceptibility and accelerated tumor progression. At 14 wk after the initial treatment, 77% of TAp73 −/− mice had developed at least one lesion, whereas only 23% of TAp73 +/+ mice showed any carcinogenic effect at the same point. The highest incidence (38%) in the TAp73 +/+ group was reached at the 24th week, 9 wk after the TAp73 −/− group ( Fig. S1 A-C) . The average tumor number per mouse was significantly greater in the TAp73 −/− group (1.4 tumors/mouse compared with 0.5 in wild-type mice), and this result was associated with a larger tumor size. The lesions in TAp73 +/+ mice never exceeded a 2-mm size, whereas TAp73 ablation led to a larger number of lesions greater than 2 mm in size, together with significant numbers of tumors 2-4 mm and greater than 4 mm in size (Fig. S1C ). In addition, the progression from premalignant hyperplasia (papillomas) to invasive carcinoma (squamous cell carcinoma) was substantially more evident in the TAp73 −/− group, leading to skin ulceration ( Fig. S1 A and D) . Overall, the accelerated initial lesion development, larger tumor sizes, and increased progression to squamous cell carcinoma suggested that TAp73 ablation promoted tumor progression. Notably, deficiency of TAp73 in topically carcinogen-treated mice also determined the onset of lung malignant lesions (Fig.  S2A) , confirmed by histological analysis (Fig. S2B ). This supported the particular sensitivity of TAp73 −/− mice to lung tumorigenicity. Lung adenocarcinomas indeed represent the most frequent cancer subtype spontaneously developed by Trp73 −/− and TAp73 −/− mice, being observed in 60% and 32% of these animals, respectively (9, 10) .
Tumor microenvironment remodeling is the rate-limiting step for cancer progression, and neoangiogenesis is particularly important for cancer cell niche maturation in a tumor microenvironment. Hyperplasia does not necessarily require neoangiogenesis; however, neovascularization induction correlates with the transition to neoplasia (7, 15) . Thus, we analyzed peritumoral vascularization in TAp73
−/− mice. The skin lesions that developed in TAp73 −/− mice had increased numbers of small vessels in the peritumoral region compared with the tumors from TAp73 +/+ mice (Fig. 1A , white arrows). Vasculature covered 18% of the peritumoral area in the TAp73 −/− mice, but only 13% in the TAp73 +/+ mice (a 40% increase; Fig. 1C ). To confirm the propensity of the TAp73 −/− genotype toward increased angiogenesis, we performed an aortic ring assay by culturing aorta ring samples from knockout and wild-type mice ex vivo and measuring new vessel formation. Strikingly, the aorta rings from TAp73 −/− mice displayed a significant increase (20% at day 4 and 50% at day 6) in neocapillary formation compared with TAp73 +/+ samples ( Fig. 1 B and D) . Thus, TAp73 loss had a stimulatory effect on neoangiogenesis in vitro, supporting the in vivo data that TAp73 affects an important biological process for tumor progression.
TAp73 Interacts with HIF-1α, Facilitating Its MDM2-Dependent
Ubiquitination and Consequent Proteasomal Degradation. HIF-1 is a well-known master regulator of tumor progression. To investigate the potential mechanism by which TAp73 affects tumor growth and angiogenesis, we hypothesized that p73 could control HIF-1α protein levels. To test this hypothesis, we used two different p53-null cancer cell lines: H1299 cells, which express detectable levels of endogenous TAp73α protein (Fig. S3E) , and SaOs-2 cells, which are negative for any p73 isoforms. Knockdown of endogenous TAp73 in H1299 promoted a marked increase in endogenous HIF-1α protein ( Fig. 2A) , whereas restoration of TAp73 expression in SaOs-2 cells was able to reduce endogenous HIF-1α protein (Fig. 2B ). HIF-1α steady-state levels are regulated by oxygen-dependent, ubiquitin-mediated proteasomal degradation, which normally employs the tumor suppressor protein VHL (6) . Hence, because HIF-1α protein levels are tightly controlled by intracellular oxygen concentrations, we investigated whether the TAp73-dependent HIF-1α reduction was sensitive to oxygen concentrations. However, the effect of TAp73 was independent of oxygen concentrations, and down-regulation of Myc-tagged or endogenous HIF-1α protein occurred efficiently in cells cultured in either normoxic (20% O 2 ) or hypoxic (1% O 2 ) conditions ( Fig. 2C and Fig. S3A ). In addition, TAp73 promoted HIF-1α degradation in VHL-mutant renal cell carcinoma (RCC4) cells, suggesting that TAp73-mediated degradation is independent of VHL (Fig. 2D) . Finally, to further prove the independence of TAp73 degradation from the VHL pathway, we tested a hydroxylation-mutant HIF1α construct (HIF1α PA: P402A/P564A). Substitution of prolines by alanines in positions 402 and 564 impairs the ability of proline hydroxylase enzymes to promote VHL binding and oxygen-dependent degradation of HIF-1α (16) . Concurrent overexpression of HIF1α PA with TAp73 showed that TAp73 can down-regulate HIF1α independent of the HIF1α hydroxylation status. (Fig. S3B ). This result confirms that TAp73 can degrade HIF-1α by an oxygen-independent mechanism.
HIF-1α accumulation can also be induced by exposure to cobalt chloride, which mimics hypoxia and inhibits VHL-dependent ubiquitination (3). To examine whether TAp73 influences HIF-1α protein stability in this model, the HIF-1α half-life was analyzed in H1299 cells treated with cobalt. In control-transfected cells, the HIF-1α protein decayed with a half-life of 20-40 min, whereas shows an increased propensity to form new vessels (relative mean ± SD, n = 3 per genotype, two-tailed unpaired t test, *P < 0.05, **P < 0.01).
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To investigate the molecular mechanism by which TAp73 regulates HIF-1α protein stability, we next determined whether, similar to p53 (17, 18) , a direct interaction with TAp73 was involved. Indeed, an immunoprecipitation assay in H1299 revealed the coexistence of endogenous TAp73 and HIF-1α in the same molecular complex (Fig. 2E) . Consistently, protein interaction was confirmed by coimmunoprecipitation in either direction, overexpressing HA-TAp73 and Myc-HIF-1α in H1299 (Fig. S4A) . To further investigate the detailed molecular mechanism of the TAp73/HIF-1α complex, we mapped the region of HIF-1α involved in the interaction. We generated different fragments of Myc-tagged HIF-1α: the N-terminal region HIF-1α , the oxygen-dependent degradation domain HIF-1α , the oxygen-dependent degradation domain lacking the N-terminal transactivation domain HIF-1α , and the C-terminal region HIF-1α 610-826 ( Fig.  2G and Fig. S3B) . Coimmunoprecipitation experiments demonstrate that only the N-terminal region of HIF-1α retained the ability to bind TAp73 (Fig. 2H) . The N-terminal region of HIF-1α contains the basic helix-look-helix/PAS (bHLH/PAS) domain, which is involved in the dimerization of HIF-1α with HIF-1β and in DNA binding of the transcription factor. TAp73 might, therefore, potentially affect dimerization and transcriptional activity of HIF-1 before driving the degradation of the HIF-1α subunit.
To determine whether increased HIF-1α ubiquitination was a consequence of the TAp73-HIF-1α interaction, we analyzed ubiquitin-HIF-1α levels after TAp73 overexpression. To discriminate the TAp73 effects from oxygen-induced HIF-1α ubiquitination, we mimicked the hypoxia blockage of the HIF-1α-VHL interaction, using cobalt. In the presence of the 20S proteasome inhibitor, MG132, TAp73 transfection strongly increased the expression of the polyubiquitinated forms of HIF-1α 24 h after transfection (Fig. 2F) . We next tested whether the proteasome was required for TAp73-induced HIF-1α degradation. Treatment of H1299 cells with MG132 inhibited TAp73-mediated HIF-1α degradation (Fig. S4C) . Finally, to confirm the requirement of HIF-1α-polyubiquitination for TAp73-promoted proteasomal degradation, we used the ts20 R cell line, which harbors a thermolabile E1 Ub-activating enzyme (19) . As expected, TAp73 overexpression at the permissive temperature (34°C) resulted in reduced HIF-1α in ts20 R . However, when the cells were switched to the restrictive temperature (39°C), the impairment of the thermolabile E1 enzyme strongly abrogated TAp73-dependent HIF-1α degradation (Fig. S4D, Left) . Correction of the temperature-sensitive E1 enzyme through the introduction of human E1 cDNA in the ts20 R -derived H38 cells (19) confirmed the ability of TAp73 to promote HIF-1α reduction at both temperatures (34°C and 39°C; Fig. S4D, Right) . Thus, TAp73 promoted HIF-1α polyubiquitination and consequent proteasomal degradation through a proteinprotein interaction with HIF-1α.
Ubiquitin conjugation to proteins destined for proteasomal degradation involves complex machinery that includes an E1 Ub-activating enzyme, E2 Ub-conjugating enzyme, and E3 Ub-protein ligase (20) . Multiple E3 Ub-ligase enzymes are responsible for the selection of proteins destined for the proteasome. The E3 Ub-protein ligase MDM2 binds TAp73 at the N-terminal region but does not promote its ubiquitination or proteasomal degradation. Paradoxically, this interaction results in increased p73 stability (21) , but inhibition of its transcriptional activity (22) . Thus, the biological significance of this MDM2-TAp73 interaction is not completely clear. We hypothesized that the TAp73-HIF-1α interaction functioned to facilitate MDM2-dependent HIF-1α ubiquitination, with TAp73 playing a role as a scaffold protein. We indeed analyzed the TAp73 and HIF-1α protein complex for the presence of MDM2. Anti-Myc-HIF-1α immunoprecipitation from HA-TAp73-transfected H1299 cells displayed significantly higher MDM2 levels in the complex compared with empty vector-transfected cells (Fig. 2I) . The opposite experiment, performed by selective knockdown of endogenous TAp73 in H1299 cells, displayed an impaired HIF-1α-MDM2 interaction when TAp73 was depleted, confirming that TAp73 might play a role in presenting HIF-1α to MDM2 for ubiquitination (Fig. 2J) . To weight the importance of MDM2 in TAp73-dependent HIF-1α degradation, we evaluated the effect of MDM2 depletion. MDM2 knockdown in H1299 cells partially reduced TAp73-induced HIF-1α degradation (Fig. 2K) . Taken together, the data in Fig. 2 demonstrate that TAp73 interacts with HIF-1α, promoting its ubiquitin-dependent degradation and possibly acting as a scaffold protein to facilitate MDM2 recruitment in the molecular complex.
TAp73 Predicts Lung Adenocarcinoma Patient Survival and Correlates
with HIF-1α Activity and Angiogenesis Repression. We next assessed whether this TAp73/HIF-1α complex was also relevant in human cancer and performed transcriptional signature analysis on a large group of biopsies from human cancers. Lung adenocarcinoma is the most frequent cancer subtype spontaneously developed by TAp73 −/− mice and is also highly frequent in different chemical-induced carcinogenesis (10) . Thus, we focused our attention on this particular tumor in humans, analyzing 226 biopsies from a human lung adenocarcinoma dataset (GSE31210) (23) . Unsupervised sample clustering by TAp73 or ΔNp73 expression revealed three groups: TAp73-expressing (red group), ΔNp73-expressing (blue group), and no-p73-expressing (p73 neg; green group) (Fig. 3B) . Using univariate Kaplan-Meier analyses, the individuals in the lung adenocarcinoma group with high TAp73 expression were shown to have a significantly better prognosis compared with the ΔNp73 and p73 neg groups (Fig.  3A) . To gain insights into the mechanisms by which TAp73 was linked to improved survival in this cancer dataset, we investigated whether its expression was linked to other known tumorigenic pathways by gene set enrichment analyses. The "HIF-1α activity" and "angiogenesis" signatures were inversely associated with TAp73 expression, suggesting that TAp73 expression counteracts their activation in cancer (Fig. 3 B and C) . Strikingly, this finding validated the functional connection between TAp73 and HIF-1α, confirmed the implication on tumor angiogenesis, and underlined the high relevance of our findings for human cancers. These results clearly demonstrate that TAp73 significantly inhibits HIF-1α activation and angiogenesis in human cancer.
TAp73 Affects HIF-1α Signaling in Vitro and in Vivo. To confirm that TAp73 is also functionally affecting HIF-1α activity, we evaluated the expression of the HIF-1α downstream targets. TAp73 overexpression in H1299 cells under both normoxic and hypoxic conditions reduced VEGF-A and VEGF-R2 mRNA levels ( Fig.  S5 A and B) . VEGF-R2 represents the transmembrane receptor for VEGF-A, which is indirectly induced by HIF-1α, hypoxia, and the proangiogenic (24) . To confirm that TAp73 is able to affect HIF-1 signaling in a valid tumor environment, we used mouse tumor xenograft models s.c., implanting human cancer cell lines in athymic BALB/c mice (nu/nu). Similar to Fig. 2 , we reverted the expression of TAp73 in two human cancer cell lines, which express (H1299) or do not express (SaOs-2) endogenous TAp73. Induction of TAp73α by doxycycline oral administration in nu/nu mice, after inoculation of SaOs-2 Tet cells, harshly abolished tumor growth (Fig. 4 A and B and Fig. S5 C and D) . Tumor weight was reduced by ∼80% in three mice, and one inoculation completely failed to show any tumor. This experiment highlighted the powerful extent of TAp73's tumor-suppression properties. Next, we stable knocked-down TAp73 in H1299 cells (Fig. S6 A and B) , and we again inoculated athymic BALB/c mice (nu/nu). ShTAp73 H1299 cells displayed a significantly higher tumor weight compared with control cells, confirming that TAp73 depletion favors tumorigenesis (Fig. 4 C and  D and Figs. S5 C and D and S6C) . To determine the signaling pathways affected in TAp73-depleted tumors, we analyzed the expression profiles of the tumor xenografts, using gene microarray analysis. We identified 200 genes modulated in TAp73-depleted tumors, 123 of which were up-regulated (Fig. S7A and Dataset S1). Moreover, Gene Ontology term analysis identified "Response to Hypoxia" as the most significantly enriched pathway among the up-regulated genes ( Fig. 4E and Fig. S7 B and C) . Specifically, 14 up-regulated genes were associated with hypoxia; and 10 of these, including VEGF-A, were direct transcriptional targets of HIF-1 (Fig. 4E) . A selected gene group was analyzed using quantitative (q)PCR to validate the microarray analysis (Fig. S8) . The expression profile analysis strikingly confirmed that TAp73 depletion enables HIF-1 signaling in the tumor environment. Indeed, vessel density in tumor xenograft tissues indicated increased vascularization in tumors lacking TAp73 (Fig. 4 F and G) .
To confirm that TAp73 can disrupt the HIF-1α/VEGF axis in human cancers, we performed an additional analysis on different human lung cancer datasets. By splitting the samples into tumors expressing high or low TAp73 levels, we found that HIF-1α expression only correlates with its target, VEGF-A, in the lowTAp73-expression group, whereas the correlation was absent when TAp73 was highly expressed (Table 1 ). These data indicate that altered TAp73 expression affects HIF-1α activity in clinical settings. Finally, we analyzed protein content in fresh lung cancer specimens. We again split the samples into two groups ("High TAp73" and "Low TAp73"), depending on TAp73 Western blot data. Validating our data, the human lung cancers expressing high TAp73 displayed reduced HIF-1α and VEGF-A protein levels; conversely, low TAp73 expression was associated with higher HIF-1α and VEGF-A levels (Fig. 4H) .
Discussion HIF-1α stabilization in cancer cells enables tumor progression and results in poor survival. We have identified a novel TAp73-dependent tumor suppression mechanism that controls HIF-1α signaling. TAp73 physically interacts with HIF-1α and affects its protein stability, promoting ubiquitin-dependent proteasomal degradation in an oxygen-independent manner. TAp73-induced HIF-1α degradation is reduced in the absence of MDM2, although MDM2 knockdown does not completely rescue the TAp73 effect, suggesting that additional mechanisms may be involved in TAp73-dependent HIF-1α regulation. MDM2 has previously been implicated in HIF-1α regulation, via both a direct (25) and a p53-dependent mechanism (18) . However, in our model, we have investigated the TAp73/HIF-1α/MDM2 axis in a p53 null background (H1299 and SaOs-2 cell lines), which might contribute to the different interpretations previously reported, as no interference by MDM2/p53 and p53/HIF-1α signaling are present in our system. MDM2 interacts with the transcriptional activation (TA) domains of p53, p63, and p73; however, these interactions with the p53 family members have different consequences. MDM2 is the major negative regulator of p53 (26) . MDM2 protein masks the TA domain of p53 and promotes its proteasomal degradation through polyubiquitination. MDM2 also inhibits TAp73 transcriptional activity but, importantly, does not induce its ubiquitination and degradation (21) . Here, we propose that the biological meaning of the physical interaction between TAp73 and MDM2 might lie in the role of TAp73 as a scaffold protein to serve HIF-1α to MDM-2. Our model seems to suggest that a TAp73/MDM2 molecular complex may act in TAp73-expressing cancer cells to target HIF-1α signaling and counteract tumor progression and angiogenesis. We provide a possible mechanism to explain the molecular determinants of HIF-1α interaction with the ubiquitination machinery in an oxygen-independent manner. In addition, considering the high degree of similarity between HIF-1α and HIF-2α, particularly in the bHLH/PAS domain, where TAp73 has been shown to bind, it is a reasonable hypothesis that TAp73 exerts a possible similar regulatory effect on HIF-2α.
TAp73 deficiency results in increased tumorigenesis in both TAp73
−/− mice and human lung carcinoma cells (shTAp73 H1299) transplanted into nu/nu mice. Notably, multistep skin carcinogenesis in TAp73 −/− mice clearly displayed a worse tumor progression, with larger skin papillomas and earlier squamous cell carcinoma onset. TAp73 deficiency also resulted in a higher neoangiogenic propensity, which was associated with higher VEGF-A expression levels, suggesting that TAp73 depletion releases HIF-1α signaling. Thus, TAp73 deficiency enabled the HIF-1α-dependent angiogenic switch and promoted tumor progression. Further supporting this idea is the observation that TAp73 represents a powerful predictor of survival in patients with lung cancer. Strikingly, in large-scale transcriptome analysis, TAp73 expression correlated with low HIF-1α activity and the angiogenic pathway; we also validated this result by examining protein expression levels in fresh human lung carcinoma specimens. These latter findings provide strong clinical relevance to our in vitro and in vivo data. In addition, given that HIF-1α overexpression is widespread in human cancers through tumor hypoxia or oncogenic mechanisms, the effect of the TAp73-HIF-1α pathway may extend beyond lung cancer. Thus, our study may provide molecular insights into the biological consequences of TAp73 loss in diverse cancer types.
TAp73 has also been proven to control metastasis onset. Interacting with nuclear factor Y (NF-Y), p73 represses the expression of platelet-derived growth factor receptor beta (PDGFRb) in pancreatic noninvasive cells. Expression of mutant p53 disrupts the p73/NF-Y interaction, determining a PDGFRb-dependent metastatic potential of pancreatic cancer cells (27) . Our data and DAPI (blue) indicated intratumoral vascularization in shCTR-H1299-derived or shTAp73-H1299-derived tumor xenograft tissues. (Scale bar, 100 μm.) (G) Intratumoral vessel density was assessed by digital measurement of the area covered by lectin-positive vessels (mean ± SD of n = 4 animals per group, twotailed unpaired t test, *P < 0.01). (H) "High TAp73" fresh specimens from patients with lung cancer exhibited lower HIF-1α and VEGF-A protein levels compared with "Low TAp73" samples; GAPDH was used as a loading control.
suggest that the TAp73-HIF-1 axis might also have a strong effect on the metastatic potential of cancer cells. Similarly, mp53 might affect p73/HIF-1 interaction, promoting HIF-1 proinvasion and prometastasis programming.
In conclusion, our findings demonstrate that TAp73 is a controller of tumor progression and angiogenesis. We provide evidence that TAp73 is a regulator of HIF-1 signaling through a nontranscriptional mechanism mediated through protein-protein interactions. TAp73 loss enables HIF-1 signaling, promoting tumor growth, angiogenesis, and progression. Thus, TAp73 functions as a tumor suppressor, whose inactivation contributes to tumorigenesis in part through the induction of the HIF-1 pathway.
Materials and Methods
Mice and Xenograft Tumor Model. The two-step DMBA/PMA skin carcinogenesis has been performed on TAp73
+/+ and TAp73 −/− mice of the C57B6/129Ola (F7) genetic background by dorsal skin administration once of DMBA (25 μg in 0.1 mL), followed by biweekly exposure to PMA (6.25 μg in 0.1 mL of acetone), starting at 2 wk after DMBA exposure. For the xenograft tumor model, nu/nu mice were purchased from Charles River. A total of 1.5 × 10 6 SaOs Tet on TAp73alfa or 2.5 × 10 6 shCTR/shTAp73 H1299 cells were injected s.c. into 6-8-wkold nude (nu/nu) mice in a one-to-one mix of RPMI:Matrigel (Gibco).
Aortic Ring Assay. Thoracic aortas were removed from 8-12-wk-old TAp73 +/+
and TAP73
−/− mice and sectioned in 1-mm-long aortic rings, sealed in place with an overlay of 70 μL of basement matrix extract (BME). Tubular structures were examined using a phase contrast microscope (Axiovert 200M, Zeiss) and photographed. 
